The aim of this study was to investigate natural serpentine and non-serpentine populations of Teucrium polium aggr. and to document the differences in their morphological traits, as well as estimate which characters are most likely contributing to differentiation of the populations. Nine populations distributed both on and off serpentine soils were investigated, and 12 different morphological features of 270 individuals were studied by univariate and multivariate statistical analyses. The results did not demonstrate clear delimitation of the serpentine from the non-serpentine populations. Using these ecotypes as classification factors in the discriminant analysis, it can be stated that stem height, leaf length in the fifth leaf pair, internode length between the fourth and the fifth leaf pairs, and corolla tube length are features with the greatest discriminant ability. The character variation was generally higher for the vegetative features, while reproductive features failed to demonstrate clear differences. The similarity groupings indicated by the cluster analysis were synchronous with groups distinguished by both the discriminant and PCA analyses. Significant differences were observed between sets of vegetative characters in all populations investigated.
Introduction
The section Polium (Mill.) Schreb. of the genus Teucrium includes more than half of the Teucrium species and is concentrated solely in the Mediterranean region where it occupies virtually all types of environments. Navarro and El Oualidi [1] considered the section Polium (Mill.) Schreb as being divided into four subsections, but recently Navarro [2] reduced to three: Polium (Mill.) M.E. Cohen, Simplicipilosa S. Puech, and Pumilum (Lázaro Ibiza) Rivas-Martinez. The most important and taxonomically complicated species included in the subsection Polium are Teucrium polium L. and T. capitatum L. which occur throughout the Mediterranean and Irano-Turanian regions [1] . Tutin and Wood [3] taxonomically interpret the variation in T. polium L., and include 5 subspecies -subsp. polium, subsp. aureum (Schreber) Acangeli, subsp. pii-fonti Palau, subsp. capitatum (L.) Acang. and subsp. vincentinum (Rouy) D. Wood. Greuter et al. [4] accept T. polium as an aggregate with many endemic species and subspecies, and present the distribution of all taxa in the Mediterranean region. According to Greuter et al. [4] , T. capitatum L. is the only species from the T. polium aggr. present in the Bulgarian flora. Later, Peev [5] , Markova [6] , Delipavlov and Chechmedziev [7] provided the Bulgarian flora T. polium with subsp. capitatum and subsp. vincentinum, although the latter subspecies was previously reported only for Southwestern Europe [3, 4] . In her monograph, Navarro [2] recognizes Teucrium polium L. sensu stricto, T. capitatum L., and T. vincentinum Rouy as different polyploid species within the section Polium, and considers T. vincentinum as an endemic species from Southwestern Portugal (Saint Vincent's Cape, Sagres Point) that grows exclusively on foredune sand habitats and limestones throughout the atlantic coastline. Despite this modern taxonomical work, the lack of sufficient investigations on the morphology, karyology, phytochemistry, and chorology of Teucrium polium s.l. populations in Bulgaria suggests that there is not sufficient support for acceptance of the taxonomical concept proposed by Navarro [2] .
According to Brooks [8] and Kruckeberg [9, 10] , T. polium s.l. falls into the group of bodenvag plants growing on serpentines. Being an intolerant species, it appears on both sides of an edaphic contact, seemingly indifferent to the variation in substrate. The serpentine outcrops constitute one of the more extreme habitat conditions observed for this species. Kruckeberg [9] considers the interaction among isolation, soil moisture, soil depth and stability, slope exposure, and nutrient status at various levels as contributing to differential degrees of stress. Broadly distributed species that live in a variety of environments may be expected to have either 1) broad phenotypic/genotypic tolerances or 2) to have evolved local and differential genotypic accommodations to each habitat variant. The unique conditions stimulate variation in plant populations growing on serpentines, and important differences in growth rates might be expected [10] . The latter response, ecotypic variation, has been demonstrated for several species [11] [12] [13] [14] [15] [16] [17] .
The aims of this study were to investigate natural serpentine and non-serpentine populations for the purpose of documenting differences in morphological traits between populations and estimating which characters contributed most to differentiation of the populations.
Experimental Procedures
Plant samples were collected in [2007] [2008] . For identification of the plant material, the resources Flora Reipublicae Popularis Bulgaricae [5] and Flora Europaea [3] were used. Using the features of the stem and leaves as identification criteria, as well as the chorological information on the cited floras, all nine populations investigated were determined to belong to T. polium subsp. capitatum. Plant material originated from different localities in Bulgaria (Figure 1) , and the individual samples were chosen randomly within each locality. The serpentine localities were small and isolated from each other. Some of the populations were also collected on calcareous and maritime sands. The list of localities is shown in Table 1 . The voucher specimens were deposited in the Herbarium of University of Sofia (SO), and the voucher number is cited in Table 1 .
For the investigations on the morphological variation, 12 quantifiable characters and two ratios (Var 1 to Var 14) were measured on 270 individuals, 30 per population ( Table 2 ). The most variable of the species quantitative characters were chosen for the analysis of the populations. For each individual, a leaf from the fifth leaf pair and internode between fourth and fifth leaf pair were measured. All characters studied were from dry plants, and only flower characters were measured after boiling.
Univariate and multivariate statistical procedures were applied to analyze morphological variation within and among sample populations. Cluster analysis using Euclidean distance and Unweighted Pair Group Means Average (UPGMA) was used as the computational criteria to determine the similarities between populations (Figure 2) , and Canonical Discriminant analysis (CDA) was applied to discriminate between the morphological variation in the serpentine and non-serpentine populations. Ordination by Principal Component Analysis (PCA) allowed detection of the main sources of variation within the data set, and enabled the display of results in a non-hierarchical way in order to show the relationships between variables. Eigenvalues were extracted from the correlation matrix. PCA assumes linearity, which simplifies the mathematical problem by restricting the set of potential bases and formalizing the assumption of continuity in a data set [18] . A second assumption of PCA is that the directions with the largest variances are most important, and that each vector can be rank-ordered according to the corresponding variances. Basic descriptive statistics (t-test, ANOVA) were also used to determine differences among the populations. All analyses were performed using the StatSoft Statistica 7 package.
Results
The range of variability of all morphological features in both groups of populations overlapped considerably.
The mean values and the standard deviation of the investigated morphological characters for the serpentine and non-serpentine populations, as well as P-values from t-tests of the differences between the means are presented in Table 2 . The results from the characters numbered as Var 4, Var 5, Var 6 and Var 7 (ratio between leaf length and leaf width, internode length between fourth and fifth leaf pair, bracts length, and bracts width respectively) presented the only insignificant findings.
Differences between serpentine and non-serpentine populations resulting from statistical analyses were very weak. There were no statistically significant differences in other characters between populations growing on and off serpentine soils. The characters primarily contributing to the differentiation of the populations were stem length and leaf length.
Canonical discriminant analysis (CDA) was used to evaluate the morphological variation between serpentine and non-serpentine populations, where 'population' was used as a classification factor. The results are presented on a scatter diagram (Figure 3 ). All character variation used in this analysis was significant with the exception of leaf width (Var 3) and bract length (Var 5) (P=0.33 and P=0.12, respectively), but these latter insignificant values did not exceed the limit of the P=0.5.
The results from the analysis were Wilks' Lambda value of 0.00098, and P<0.00005. The analysis is based on two discriminant functions which account for the most natural grouping of the populations. The standardized coefficients of the variables which contribute most to the group separation are given in Table 2 .
The serpentine populations do not form a compact group and were not clearly distinguished from the nonserpentine populations. The serpentine population from Parvenetz (P) and the non-serpentine population from Benkovski (Ben) are isolated from the main group of the populations. This main group is quite dispersed and can be divided in two subgroups: one of them includes non-serpentine populations from Bosnek (Bos) and Poljanovo (Polj), but the other includes the remaining The results from the cluster analysis are shown in Figure 2 . Two clusters (A and B) are formed at a linkage distance around 9. The first cluster (A) combines five of the investigated populations with three serpentine and two non-serpentine populations. The highest similarity observed is in Parvenetz (P) and Goletz (Gtz), as the Euclidean distance is the shortest. The similarity between populations Kardzali (Kz) and Poljanovo (Polj) was also well expressed. The population from Vlahina (Sel) was clustered separately and took a position closer to the populations from Parvenetz (P) and Goletz (Gtz). The second cluster (B) separated four non-serpentine populations: Bosnek (Bos), Malak Izvor (MIz), Primorsko (Prim), and Benkovski (Ben). The similarity between Bosnek (Bos) and Malak Izvor (MIz) was greater relative to the other two populations. The most important features for the discrimination of the populations were the vegetative characters stem length, leaf length, and internode length between fourth and fifth leaf pairs. The features of the flowers used in this analysis are conservative and do not contribute significantly to the separation of the populations. The same results are confirmed from the used PCA.
Percentage eigenvalues and factor loadings on the axes from the PCA results on all investigated populations are reported in Table 3 . Ordination of the data set accounts for 45.74% with the first three components. The horizontal axis PC1 explains 19.42% of the variance but vertical PC2 explains 15.7% of the variance. Two dimensional scattergram was performed plotting the first against the second axis. The loadings for each variable and their contribution to each of the PCs are shown (Figure 4) . The length of bracts with positive coordinates and correlations with factor 1 contribute to population divergence. The positive coordinates and correlations with factor 2 are presented for characters like corolla length, calyx teeth length, bracts width, ratio corolla/calyx length and ratio leaf length to leaf width. Most of vegetative traits had negative coordinates and correlations with factor 2, while traits of flowers were positively correlated with the same factor except of calyx length. They showed a clear negative correlation with bracts length. The traits stem length, leaf length, internode length, calyx length, and calyx teeth length were more variable, while corolla tube length and bracts width were more conservative. The features stem length, leaf length, and seed length were very closely correlated. Table 1 . S -serpentine populations, NS -non-serpentine populations.
lower head of the inflorescence. These quantitative features, together with others like indumentum, leaf shape, calyx shape, etc., were also used by Navarro [2] for the delimitation of the taxa in T. polium aggr. The quantitative features analyzed varied in the higher ranges, especially when compared to the flower Running the analysis using just floral characters showed that calyx length, calyx teeth length, and the ratio between calyx and corolla length were more variable compared with corolla tube length. From the analysis of the vegetative characters (distinctive of the floral features) it was apparent that leaf length, internode length, stem length, and bracts width were traits of importance for separation of the populations. They had positive coordinates with factor 1 and showed negative correlation with bracts length, while leaf width had positive coordinates with factor 2 and showed negative correlations with pedicel length and the ratio between leaf length and width.
Discussion
Statistically analyzing morphological differences between the populations growing on serpentines and those on non-serpentines enabled us to conclude that the range of variability of all morphological features in both groups of populations overlaps considerably, and that the serpentine populations are not clearly separated from the non-serpentine ones, as was shown for T. chamaedrys [19] . Among the features showing more notable differences between populations are the vegetative characters stem length, internode length, leaf length, and length of the peduncle of the parts of plants where variability is hardly detected such as corolla tube length. Navarro and El Oualidi [1] considered such variability to have resulted from many adaptive radiations and differentiations by polyploidy. Studying geographical variation in the yellow-flowered Teucrium species El Oualidi, Puech and Navarro [20] pointed out that the smallest calyxes of the entire section Polium were found in the widely-spread in Morocco T. capitatum in all types of environments. Our results confirmed these data. The results obtained from cluster and discriminant analyses are synchronized. The results of this study are similar to those provided by Štepankova [14, 15] , Westerbergh and Saura [12] , Westerbergh and Rune [13] , Boyd et al. [17] for other plant species, and in all cases the plants reacted in different ways to the serpentine substrates.
The results obtained from the PCA analyses supported the conclusions that the correlations among floral traits and the correlations among vegetative traits were significantly greater than the correlations across these two groups of traits in the plant samples studied. Our results confirmed Berg's [21] hypothesis that the size of flowers in insect-pollinated plants should be selected to remain constant regardless of the size of vegetative structures, and also confirmed the results of Conner and Via [22] , and Conner and Sterling [23] . As Conner and Sterling [23, 24] pointed out, the correlations across groups are weak because in plants without specialized pollinators the dimensions of all structures are positively correlated [21] , as expected for size-related traits.
T. polium subsp. capitatum populations distributed on serpentines occupy open habitats with scarce herb vegetation mosaically dispersed. The edaphic conditions of the serpentine sites differ considerably from the non-serpentine sites where this species forms a dense cover. In species of open steppe or desert environments, the calyx tends to be dispersed by wind and in general calyx morphology is well adapted to the achene's dispersal [20, 25] . The long and solitary inflorescences, the very thick calyx indumentum, the absence of pedicel and easy detaching of the calyx (containing the ahenes) are characters that can favor wind dispersal of calyxes in open environments. Most of these characters are well expressed in T. polium subsp. capitatum.
Brady et al. [26] considered edaphic specialization and plant adaptation to serpentine soils to be phylogenetically and geographically widespread. Plant species adapted to serpentine soils often possess somewhat distinct morphology from closely related species that are not adapted to serpentine sites. The morphological variation in T. polium subsp. capitatum populations growing on and off serpentines differs from that of T. chamaedrys. While for T. chamaedrys two ecotypes were found [19] on and off serpentines, in the case of this study, the same could not be stated reliably. The small plant habit, shorter stems and internodes, shorter and thinner leaves, pedicels and bracts are traits that do not result only from the serpentine syndrome and edaphic specificity. Kruckeberg [9] considered species members of the bodenvag group that do not appear on serpentine as altitudinal or geographic disjuncts, nor do they attain indicator status by their relative dominance on serpentine. The frequency of occurrence of this phenomenon is strongly associated with the severity of the serpentine environment: the more stressful and barren the serpentine site, the less common are the bodenvag species. Insulation, soil moisture, soil depth and stability, slope exposure and nutrient status are integrated at various levels to create different degrees of stress. These factors are important considerations given the rare appearances of T. polium subsp. capitatum on the serpentine terrains in Bulgaria. The variation in the studied morphological traits in T. polium subsp. capitatum gives reason to consider the taxonomy of the T. polium aggr. in Bulgaria to be inadequately described, and as such future investigations should be performed to clarify its taxonomy. As El Oualidi, Puech and Navarro [20] pointed out, the diversity of environments favor the isolation and speciation of the taxa. Probably the different environmental conditions in the occupied habitats as well as polyploidy played an important role in the speciation of this taxonomically difficult group and needs further investigations and taxonomical decisions.
